ABSTRACT: The Changi East Reclamation Project in Singapore consists of land reclamation and ground improvement works of the foreshore for the future expansion of the Changi international airport. Modeling of the deformation behavior of marine clay under reclamation fills and surcharge was carried out by the fmite element method with the Plaxis 2 dimensional numerical modeling software. The analyses included the modeling of the consolidation behavior of marine clay under reclamation tills with and without prefabricated vertical drains. Modeling of the marine clay with vertical drains was carried out by both the axi-symmetric unit cell and full-scale analysis methods. Modeling of marine ciay which was not treated with prefabricated vertical drains was carried out by means of full-scale analysis. The numerical analysis of marine clay deformation with and without vertical drain was carried out at two case study locations namely the Pilot Test Site and In situ Test Site. The test sites comprise of vertical drain treated sub-areas and untreated sub-areas which were reclaimed and preloaded under the same conditions. The results of the finite element modeling analysis was compared with that obtained by means of observational methods. Reasonable agreements were obtained from the finite eiement modeling analysis as compared to the actual field settlements for both the vertical drain treated embankments as well as the untreated control embankments at both the In situ Test Site and Pilot Test Site. The axi-symmetric unit cell and the full scale analysis of vertical drains were found to be in excellent agreement with each other and with the actual field setdement results. Ultimate settlement and degree of consolidation assessed by using Asaoka, Hyperbolic, piezometer and finite eiement modeling methods have also been compared for each of the sites and are also found to be in good agreement.
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NOTATION

INTRODUCTION
Ground improvement works in the Changi East Reclamation Project in the Republic of Singapore comprises the installation of prefabricated vertical drains (PVD) and the subsequent placement of sand surcharge to accelerate the consolidation of the underlying soft marine clay. The location of the project and various phases of land reclamation have been described by Bo et al. (2003) and Choa et al. (2001) . In such ground improvement projects on soft marine clay, the degree of improvement attained by the marine clay has to be ascertained prior to surcharge removal, to confirm whether the soil has achieved the required degree of consolidation. This analysis can be predicted or back-analyzed by means of the finite element modeling and subsequently results can be compared with field settlement monitoring records. Bo et al. (2003) has discussed on the use of vertical drains and their design methodology based on experiences in the Changi East Reclamation Project.
Two case study sites within the project were studied by the finite element modeling (FEM) method using the Plaxis Version 8 (2002) numerical modeling software. The case study areas were named the In situ Test Site and the Pilot Test Site respectively. The In situ test Site and the Pilot Test Site comprises of vertical drains installed in sub-areas at various spacings as well as an untreated control sub-area. Figure  1 presents a lay-out plan of the Changi East project and indicates the locations of the case study sites. In situ test and instrumentation assessment results have been reported previously for these case study sites by Bo (2009, 2008) and Arulrajah et al. (2006a Arulrajah et al. ( . 2006b ). The results of the finite element modeling were now compared with the results of the settlement plates obtained at both these case study areas in this paper. The results of the finite element modeling analysis were compared with that obtained by means of the observational methods at both the In situ Test Site and Pilot Test Site.
Modeling of the consolidation behavior of marine clay and prefabricated vertical drains under reclamation fills and surcharge was carried out by the finite element modeling (FEM) method with the Plaxis Version 8 (2002) finite element modeling software. The analyses included the modeling of the consolidation behavior of marine clay under reclamation fills with and without prefabricated vertical drains. Modeling of the marine clay treated with vertical drains was carried out by both the axi-symmetric unit cell and full-scale analysis methods. The axi-symmetric unit cell method models the radial drainage flow of a single vertical drain whereas the full-scale analysis method models the entire embankment geometry with every vertical drain under the embankment. While the width of the model of a unit cell is considered as the spacing of a single vertical drain, the full scale analysis takes into consideration the wider areas covering the entire embankment as well as the variation of the underlying soil profile across the entire area. Modeling of marine clay which was not treated with prefabricated vertical drains was carried out by means of full-scale analysis which comprises of analysis of the entire embankment geometry. The numerical analysis of marine clay deformation with and without vertical drain was carried out for the Pilot Test Site and In situ Test Site. Each of the test sites comprise of vertical drain treated sub-areas and untreated sub-areas which were both reclaimed and preloaded under the same conditions. The results of the finite element modeling analysis were compared with that obtained by means of observational methods with the applications of the Asaoka, Hyperbolic and Piezometer monitoring methods. The finite element analysis was carried out by the author by means of the Plaxis Version 8 (2002) numerical modeling software.
The matching techniques used in the finite element analysis of the vertical drains were based on that used previously in the modeling of Bangkok clays with PVD (Lin et al., 2000) . The modeling of the Singapore marine clay treated with vertical drains was however modified to incorporate the marine clay multi-layers present at the project site in Changi. The modeling technique used by the author is found to provide similar excellent agreements in their use for the modeling of Singapore marine clay with vertical drains. Finite element modeling by both the axi-symmetric unit cell method and the full scale analysis method of vertical drains were undertaken in this paper.
DESCRIPTION OF CASE STUDY SITES
In srfutest site
The In situ Test Site consists of a Vertical Drain Area at which vertical drains were installed at a spacing of 1.5 m in square pattern as well as an adjacent Control Area where no vertical drain was installed. Both the areas were loaded with the same height of surcharge. Instruments were installed and monitored at both the Vertical Drain Area and the Control Area. The geology. In situ testing assessment of the various In situ tests undertaken previously at the In situ test site has been described in detail by Arulrajah et al. (2006a Arulrajah et al. ( , 2006b . The instruments in the Control Area were installed prior to reclamation in off-shore instrument platforms. The Control Area was not treated with vertical drains. These instruments were protected as the reclamation filling works commenced in the area, instruments in the Vertical Drain Area were installed on-Iand at the vertical drain platform level of +4 mCD (Admiralty Chart Datum, where mean sea level is -t-1.6 mCD) just before or soon after vertical drain installation at a spacing of 1.5 m in square pattern. Surcharge was subsequently placed to +10 mCD. As such a comparison could be made between the Vertical Drain Area and the Control Area when subjected to the same surcharge preload. Instrumentation monitoring was carried out at both the Vertical Drain Area and Control Area until 20 months after surcharge placement which equates to a monitoring period of about 26 months. The assessment of the field instrumentation monitoring results at the \n situ Test Site has been described by Bo et. al (1997) . The cross-sectional soil profile showing field instrument elevations at the ¡n situ Testing Site is shown in Fig. 2 .
Pilot test site
The Pilot Test Site consisted of 4 sub-areas, three of which were installed with vertical drains at various spacings. Long duration field settlement monitoring was carried out at regular intervals at these sub-areas. The seabed elevation is about -6 mCD while the thickness of the soft marine day In the location was up to 45 meters thick. Land reclamation was first carried out to the platform level of +4 mCD. Field instruments were installed from the platform level where vertical drains were installed. Instruments were installed prior to vertical drain installation. Following the installation of vertical drains, surcharge was next placed hydraulically to an elevation of +7 mCD simultaneously for all the sub-areas. As such a comparison could be made between the various sub-areas treated with vertical drains with various spacings when subjected to the same surcharge preload. Field instrumentation monitoring was carried out 32 months after surcharge placement which equates to a total monitoring duration of about 42 months. The assessment of the field instrumentation monitoring results at the Pilot Test Site has been described by Arulrajah et al. (2003 Arulrajah et al. ( , 2004 . 
THEORY OF FINITE ELEMENT MODELING OF PREFABRICATED VERTICAL DRAINS
In the modeling of the vertical drains in Bangkok clay by Lin et al. (2000) , the interface element was used with the same soil property as the adjacent soil except for its hydraulic conductivity. The rate of consolidation with radial flow is also controlled by discharge capacity of the vertical drain, which in time creates a resistance to inflow of water into the vertical drain which is termed as well resistance. The consolidation process is retarded due to well resistance when the discharge capacity of the vertical drain is reached. The conversion scheme for well resistance was achieved by using interface elements. The well resistance was automatically considered in interface element for axi-symmetric and plane strain unit cells by the equivalent discharge capacity of interface elements to that of vertical drain. For the axi-symmetric unit cell analysis of vertical drains in this study, the author has applied the methodology first proposed by Lin et al. (2000) in the consideration of the smear effect by using the equivalent horizontal hydraulic conductivity of surrounding soils. The modeling of the Singapore marine clay treated with vertical drains was however modified to incorporate the marine clay multi-layers present in Singapore marine clay at Changi.
The conversion schemes from axi-symmetric to plane strain condition as proposed by Lin et al. (2000) was used for the full scale analysis method. For the modeling of prefabricated vertical drains in the full scale analysis method in this study, the author has used the drain element of the Plaxis Version 8 (2002) numerical modeling software.
It is necessary to consider the smear effect for the consolidation rate of vertical drain treated ground with finite hydraulic conductivity. Smear effect comes about due to the installation of vertical drains into the originally undisturbed soil. The installation of the vertical drains will result in disturbance of the adjacent soil surrounding the mandrel. The resulting smear zone will be depending on the shape of the mandrel, the anchor rod and the method of installation. Bergado et al. (1992) has verified the diameter of the smear effect radius to be twice the equivalent cross-sectional area of the mandrel for soft Bangkok clay.
Since prefabricated vertical drain has a limited discharge capacity, the effect of well resistance varies with the hydraulic conductivity of the surrounding soils, the discharge capacity and the length of the vertical drain drainage path. Consequently the well resistance may affect the distribution of excess pore water pressure with depth and distance from the vertical drain during the consolidation. The contribution of well resistance is minimal for such long lengths of vertical drains and as such can be ignored in the numerical modeling analyses. Lin et. al., (2000) states that previous analysis of field performance of vertical drains in soft clay deposits indicated that well resistance is negligible when the well resistance factor, R is greater than 5 as defined in the following equation '
where q^ is the discharge capacity of the vertical drain, k^^ is the horizontal hydraulic conductivity of the undisturbed soil and lm is the length of the vertical drain 3.1. Axi-symmetric unit cell analysis of prefabricated vertical drain
The vertical drains installed in the test sites were modeled in an axi-symmetric unit cell analysis by the author with the Plaxis Version 8 (2002) software. The method used for the consideration of the smear effect in the unit cell analysis is by using the equivalent horizontal hydraulic conductivity of surrounding soils, k^ (Lin et al. 2000) which is defined as
where r is the radius of influence zone, r is the equivalent radius of vertical drain, r is the smear effect radius, Ä: , is the horizontal hydraulic conductivity of the undisturbed soil and k^ is the horizontal hydraulic conductivity of soil within the smear zone.
In the axi-symmetric unit cell analysis of the vertical drain, the equivalent horizontal permeability of the surrounding soil was taken as twice that of the equivalent vertical hydraulic conductivity. This is based on hydraulic conductivity anisotropy determined from in situ dissipation tests and laboratory hydraulic conductivity tests which generally vary from 1.5 to 2.0 (Bo et al, 1997 (Bo et al, , 2003 . Fig. 4 shows the schematic depiction of the conversion of the axi-symmetric unit cell from undisturbed marine clay with smear zone to that of equivalent horizontal hydraulic conductivity of surrounding soils. Table 1 indicates the soil data parameters obtained from laboratory tests which were used for the finite element modeling of vertical drain by the axi-symmetric unit cell analysis which.
Full scale analysis of prefabricated vertical drains
The drain eiement available in the Plaxis Version 8 (2002) finite element program was used by the author to model the vertical drains for the Vertical Drain Area at the In situ Test
Site by the full-scale analysis method. This method uses the open consolidation boundary condition at which, the excess pore water pressure is set to zero during the consolidation process in all nodes that belong to a drain.
The 6-node triangular element option in Plaxis plane strain 2-D model was adopted in all the analysis. The element provides second order interpolation functions for displacement and its stiffness matrix is evaluated by numerical integration using 3 integration points. In the modeling of the ground improvement, the following conditions were considered
•
Consolidation analysis was performed under 2-D plane strain condition. • Marine clay layers were simulated by using the Soft-Soil-Creep Model. The soft-soil-creep model is based on stress-dependent stiffness and allows for time dependant behavior. Failure behavior is according to the Mohr-Coulomb criterion.
• SandfiU layer was simulated by using the MohrCoulomb Model.
In the full scale analyses finite element model, the conversion of permeability for an axi-symmetric radial flow to that of a plain strain flow with smear effect was carried out. In the finite element method analysis, pore water flow in the plain strain unit cell is considered as 2-D plane strain flow. The conversion from radial flow of an axi-symmetric unit cell to 2-D plane flow of continuous drainage wall systems of plane strain unit cell can be carried out by the method of Lin et. al. (2000) . The equivalent hydraulic conductivity of the marine clay with consideration for smear effect can be calculated by the conversion of the axi-symmetric unit cell to that of a plain strain unit cell (Lin et al., 2000) as follows
where k^^^ is the horizontal hydraulic conductivity of undisturbed zone in plane strain unit cell, k^^^^ is the horizontal hydraulic conductivity of undisturbed zone in axi-symmetric unit cell, k^^^^ is the horizontal hydraulic conductivity of the smear zone in axi-symmetric unit cell, ni is the influence ratio given by r/r^ and s is the smear ratio given by r/r , The equivalent horizontal hydraulic conductivity of the marine clay after applying the conversion from axi-symmetric flow to plane strain flow with smear effect consideration was used in the finite element analysis of the vertical drains for the full scale analysis. Table 2 indicates the soil data parameters obtained from laboratory tests which were used for the finite element modeling of prefabricated vertical drains by the full scale analysis.
Full scale analysis of untreated control embankments
In the full scale numerical modeling of the untreated control embankments of the Pilot Test Site and In situ Test Site where no vertical drains were installed but where surcharge of the same height was placed, the 6-node triangular element was adopted in the analysis. The horizontal hydraulic conductivity of the undisturbed soil was taken as twice the vertical hydraulic conductivity of the undisturbed soil based on the properties of Singapore marine clay as follows K ^ 2 fc.,
where k^^ is the horizontal hydraulic conductivity of the undisturbed soil and k^ is the vertical hydraulic conductivity of the undisturbed soil. Table 3 indicates the soil data parameters obtained from laboratory tests which were used for the finite element modeling of untreated control embankment by the full scale [-1 [-] [kN/m^j n ["I [-] [-1 analysis. The soil data parameters were obtained from laboratory tests carried out on the marine clay (Bo et al., 2003) . Fig. 8 illustrates the comparison between ultimate settlement by finite element modeling with actual field settlement at In situ Test Site. Excellent agreements were obtained from the finite element modeling analysis as compared to the actual field settlements for both the embankment with vertical drains as well as the control embankment.
Upper Marine Clay
COMPARISON OF FINITE ELEMENT
MODELING RESULTS
In s/fuTest Site
The matching techniques used in the finite element analysis of the vertical drains were based on that used previously in the modeling of Bangkok clays with PVD. The modeling of the Singapore marine clay treated with vertical drains was however modified to incorporate the marine clay multi-layers present at the project site in Changi. The modeling technique used by the author is found to provide similar excellent agreements in their use for the modeling of Singapore marine clay with vertical drains. The axi-symmetric unit cell and the fijil scale analysis of vertical drains were both found to be in excellent agreement with each other and with the actual field settlement results at the Pilot Test Site.
The axi-symmetric unit cell analysis result is found to be settling at a slightly slower rate than the full scale analysis and the actual field settlement after 360 days. As evident for the Vertical Drain Area in Table 4 and Fig. 7 there is a difference of only 0.144 meters of settlement between the actual Finite element modeling of soft soil treated with prefobricated vertical droins 173 n n [-] t-] 2.260 -field settlement (2.404 meters) and the axi-symmetric unit cell FEM analysis (2.260 meters) after a surcharge period of 20 months. The axi-symmetric unit cell analysis is noted to provide a slightly lower settlement than that of the full scale analysis.
The full scale analysis with the use of the drain element on the other hand is found to match very well with the actual field settlement until the 630 day period. As evident for the Vertical Drain Area in Table 4 and Fig. 7 , there is a difference of only 0.084 meters of settlement between the actual field settlement (2.404 meters) and the full scale FEM analysis (2.320 meters) after a surcharge period of 20 months. In the author's analysis of the full scale embankment with vertical drains for the In situ Test Site, the drain element was successfully utilized instead of the interface element previously used for the modeling of Bangkok clay.
The full scale analysis of the untreated Control Area is also found to be in excellent agreement with the actual field 
Sub-Area
Vertical Drain 1.5m X 1.5m Table 6 . Comparison of settlement between finite element modeling results with actual field settlement at Pilot Test Site 32 months after surcharge (41.9 months of monitoring). Table 4 and Fig. 7 , there is a difference of only 0.019 meters of setUement between the actual field settlement (0.706 meters) and the full scale FEM analysis (0.687 meters) for the untreated Control Area after a surcharge period of 20 months. Table 5 indicates the comparison of Asaoka (Asaoka, 1978) , Hyperbolic (Tan, 1995) , piezometer and finite element modeling methods at the In situ Test Site. As evident in Table 5 , the ultimate settlement obtained by the finite element modeling method is found to be lower than that predicted by the Asaoka and Hyperbolic prediction methods for the Vertical Drain Area (1.5m x 1.5m). The degree of consolidation obtained by the finite element modeling method for the Vertical Drain Area (1.5m x 1.5m) is subsequently slightly higher than that obtained by the Asaoka, Hyperbolic and piezometer methods. For the Vertical Drain Area, a degree of consolidation of 87.8% was obtained from the FEM method as compared to 80.1% from the Asaoka method, 80.0% from the Hyperbolic method and 80.0% from the piezometer method.
Control
The degree of consolidation obtained by the finite element modeling method for the untreated Control Area is also found to be slightly higher than that obtained by the piezometer method. For the Control Area, a degree of consolidation of 27.9% was obtained from the FEM method as compared to 20.0% from the piezometer method. Table 6 and Fig. 9 illustrate the comparison of the finite element modeling results between the actual field settlement and the Plaxis Version 8 (2002) numerical modeling method for the Pilot Test Site. Fig. 10 illustrates the comparison between ultimate settlement by finite element modeling with actual field settlement at Pilot Test Site. Excellent agreements were obtained from the finite element modeling analysis as compared to the actual field setUements for both the embankment with vertical drains as well as the control embankment.
Pilot Test Site
The matching techniques used in the finite element analysis of the vertical drains were based on that used previously in the modeling of Bangkok clays with PVD by the axi-symmetric unit cell analysis method. The modeling of the Singapore marine clay treated with vertical drains was however modified to incorporate the marine clay multi-layers present in Singapore marine clay at Changi. The modeling technique used by the author is found to provide excellent agreement in their use for the modeling of Singapore marine clay with vertical drains. The axi-symmetric unit cell analysis of vertical drains was found to be in excellent agreement with the actual field settlement results at the Pilot Test Site.
The axi-symmetric unit cell analysis result is found to be in good agreement with the actual field settlement for subareas A2S-71 (2.0m x 2.0m) and A2S-73 (3.0m x 3.0m). The axi-symmetric unit cell analysis result is found to be settling at a slightly slower rate than the actual field settlement for sub-area A2S-72 (2.5m x 2.5m).
As evident in Table 6 and Fig. 9 there is a difference of only 0.021 meters of settlement between the actual field settlement (1.687 meters) and the axi-symmetric unit cell finite element modeling analysis (1.666 meters) for subarea A2S-71 (2.0m x 2.0m) after a surcharge period of 32 months. There is a difference of only 0.002 meters of settlement between the actual field settlement (1.264 meters) and the axi-symmetric unit cell fmite element modeling analysis (1.262 meters) for sub-area A2S-72 (2.5m x 2.5m). There is a difference of only 0.012 meters of settlement between the actual field settlement (0.948 meters) and the axi-symmetric unit cell fmite element modeling analysis (0.960 meters) for sub-area A2S-73 (3.0m x 3.0m).
The full scale analysis of the untreated control embankment of the A2S-74 (No Drain) sub-area is also found to be in excellent agreement with the actual field settlement. The settlements are found to be in very close agreement after the surcharge period of 32 months (monitoring period of 41.9 months). As evident for sub-area A2S-74 (No Drain) in Table 6 and Fig. 9 , there is a difference of only 0.068 meters of settlement between the actual field settlement (0.503 meters) and the fiall scale finite element modeling analysis (0.435 meters) for the untreated A2S-74 sub-area afier a surcharge period of 32 months (monitoring period of 41.9 months). Table 7 indicates the comparison of ultimate settlement and degree of consolidation assessed by using Asaoka. Hyperbolic, piezometer and finite element modeling methods at the Pilot Test Site. As evident in Table 7 , the ultimate settlement obtained by the finite element modeling method is found to be lower than that predicted by the Asaoka and Hyperbolic prediction methods for the A2S-71 (2.0m x 2.0m) sub-area. The degree of consolidation obtained by the finite element modeling method for the A2S 71 subarea is subsequently slightly higher than that obtained by the Asaoka, Hyperbolic and piezometer methods. For the A2S-71 sub-area, a degree of consolidation of 95.6% was obtained from the FEM method as compared to 91.8% from the Asaoka method, 93.7% from the Hyperbolic method and 86.2% from the piezometer method.
The ultimate settlement obtained by the finite element modeling method is found to be higher than that predicted by the Asaoka and Hyperbolic prediction methods for the A2S-72 (2.5m x 2.5m)and A2S-73 (3.0m x 3.0m) sub-areas. The degree of consolidation obtained by the finite element modeling method for the A2S-72 and A2S-73 sub-areas is subsequently slightly lower than that obtained by the Asaoka, Hyperbolic and piezometer methods. For the A2S-72 subarea, a degree of consolidation of 87.9% was obtained from the FEM method as compared to 89.5% from the Asaoka method, 89.8% from the Hyperbolic method and 82.5% from the piezometer method. For the A2S-73 sub-area, a degree of consolidation of 78.9% was obtained from the FEM method as compared to 79.0% from the Asaoka method, 81.1% from the Hyperbolic method and 73.1% from the piezometer method.
The degree of consolidation obtained by the finite element modeling method for the untreated A2S-74 (No Drain) sub-area is also found to be slightly lower than that obtained by the piezometer method. For the untreated A2S-74 subarea, a degree of consolidation of 33.9% was obtained from the FEM method as compared to 37.0% from the piezometer method.
CONCLUSIONS
Reasonable agreements were obtained from the finite element modeling analysis as compared to the actual field settlements for both the vertical drain treated embankments as well as the untreated control embankments at both the In Finite element modeling of soft soil treated with prefabricated vertical drains 179 situ Test Site and Pilot Test Site. The axi-symmetric unit cell and the full scale analysis of vertical drains were found to be in excellent agreement with each other and with the actual field settlement results.
Ultimate settlement and degree of consolidation assessed by using Asaoka, Hyperbolic, piezometer and finite element modeling methods have also been compared for each of the sites and are also found to be in good agreement. The fmite element modeling predictions for settlement were found to be slightly less that the field measurements.
The matching techniques used in the finite element analysis of the vertical drains were based on that used previously in the modeling of Bangkok clays with PVD. The modeling of the Singapore marine clay treated with vertical drains was however modified to incorporate the marine clay multi-layers present in Singapore marine clay at Changi. The modeling technique used by the author is found to provide similar excellent agreements in their use for the modeling of Singapore marine clay with vertical drains.
The field curve is noted to be slowing down after one year of surcharging period. This may be an indication of secondary compression effects in the field that were not modeled in the finite element analysis. This may also be due to the reduction of permeability in the surrounding soil due to void ratio changes in the later stage of the consolidation.
